Brazilian splitting test with arc loading condition may result in a reduction of the concentration of stress in the disc. Additionally, crack initiation from the central position of the Brazilian disc cannot be guaranteed because of the non-uniformity of stressloading arcs. In order to achieve the theoretical foundation of the Brazilian splitting test, a Flattened Brazilian Disc (FBD) specimen can be used as an alternative, which prevents local crack initiation. An FBD specimen, because of its ease of sample preparation and loading geometry, can be used to estimate different geomechanical properties of rocks such as tensile strength ( t ) and mode I fracture toughness (K IC ). To validate the indirect tensile test by using the complete Brazilian disc, the crack must be initiated from the central region of the specimen, and the loading angle that corresponds to the arc of the disc must be greater than 19.5°. In the current study, an attempt has been made to investigate the sensitivity of the strain rate to various geomechanical properties (tensile strength and fracture toughness) of a homogeneous fine-grained sandstone by using FBD specimens. The strain rates were varied between low and intermediate rates in the range of 10 -5 to 10 -2 s -1 . Two sets of specimens were tested with a loading angle of 2 = 20° and 2 = 30° in order to ensure better experimental observation of the strain rate sensitivity to various geomechanical properties. The test results indicate that with increasing strain rates, the fracture toughness, and tensile strength gradually increase. The fracture toughness that corresponds to a loading angle of 20° overestimates the fracture toughness of the rock.
Introduction
The various aspects of rock mechanics such design, construction and geotechnical engineering analysis; and rock properties such as uniaxial compressive strength, tensile strength, Young's modulus, Poisson's ratio and fracture toughness play a very vital role. Since the advent of the Brazilian disc method, which was used by the Brazilians and the Japanese in the 1940s, it has been extensively used for the indirect measurement of the tensile strength of rocks and concrete. Subsequently, in 1978, for the first time, the Brazilian tensile test was proposed by ISRM for the determination of the tensile strength of rock materials [1] . Following this, many researchers have concentrated their work on the Brazilian disc method, which has resulted in the widening of its applications [2] [3] [4] [5] .
For the first time, Fairhurst [6] discussed the validity of the Brazilian tensile test. According to his findings, the failure in a disc sample that is away from the central area might be due to the small contact area of loading. Furthermore, Mellor and Hawkes [2] studied the contact stresses under the applied loads and subsequently designed a test jig with curved platens, which is also known as jaws. However, the curved jaws are difficult to manufacture, and the rock specimen of varied curvatures cannot be tested with the same set of jaws, which reduces the ease of its application. The force that is applied during a Brazilian tensile test should be a line load, but the contact surface between the jaws and the specimen need not necessarily ensure the achieving of the pre-requisite of the line load. Hudson et al. [7] inferred from their experimental analysis that the failure was always initiated directly under the loading points when loaded diametrically with flat steel platens, which invalidated the Brazilian tensile test. Despite the extensive study of this Brazilian test method both experimentally and analytically, rarely does the validity of such a test gain attention. Questions about the assurance of central crack initiation during a Brazilian tensile test is unsolved even now. In addition to this, it was observed that tensile strengths measured directly and indirectly are rarely equivalent. The direct tensile strength test estimates the true tensile strength of the rock. However, the Brazilian tensile test overestimates the tensile strength of the rock because of its biaxial stress distribution instead of tension in a single direction. Furthermore, it has been reported by many researchers that the stress concentration as a result of the compressive loading near the loading platen has a significant influence on the results of Brazilian tests [8, 9] .
To overcome such unavoidable circumstances, the Flattened Brazilian disc (FBD) was introduced to measure the tensile strength of a rock, which ensures central crack initiation during the test. An FBD consists of two flat surfaces that are diametrically opposite each other, over which the compressive loading is applied. Additionally, this method validates the equal stress distribution over the surface during the testing. As a whole, the loading associated with the FBD specimen is far better than the line loading condition in the case of the Brazilian tensile test. In the FBD test, local cracking or breakage, initiation of secondary cracking away from the central region, and yielding around the loading point due to the stress concentration can be avoided [10, 11] .
Guo et al. [12] proposed a new method to determine the mode I fracture toughness of a rock without the introduction of any crack or notch. With progressive time, Wang et al. [10] , brought some modification to Guo's method to determine the mode I fracture toughness of rock. Since then, many researchers have focused their research on this method for the measurement of mode I fracture toughness and the tensile strength of rocks [10, 11, [13] [14] [15] [16] [17] .
An FBD specimen can be used to estimate different geomechanical parameters of rocks, such as the tensile strength ( t ) and the mode I fracture toughness (K IC ) because of its ease of the sample preparation and loading geometry. For the validation of indirect tensile test using FBD, the crack ought to initiate from the central region of the specimen and the loading angle ought to be greater than 19.5°.
In this study, an attempt has been made to investigate the effect of strain rates on properties such as mode I fracture toughness and tensile strength of rock, which are measured using the FBD. The entire experiment has been conducted in static to quasi-static strain rate conditions that ranged from 10 -5 s -1 to 10 -2 s -1 . Since the loading angle must be greater than 19.5° for the validation of FBD test, in this study, two angles, that is, 20° and 30° have been preferred for the observation of the strain effects. Specimens of sandstone from Dholpur district (Rajasthan, India), which belongs to the Upper Bhander group of the Vindhyan super-group, were used for the experimental analysis. The rock is mostly equidimensional with more than 95 percent of quartz grains and the matrix comprising less than five percent of the rock. In the rock, quartz grains are well-sorted, sub-rounded to rounded and are in close contact with each other, which demonstrates their compactness [18] [19] [20] [21] [22] . Fig. 1 illustrates the geological map of the Dholpur area. Table 1 represents some of the basic geomechanical properties of the rock. For the analysis, disc specimens of 50 mm were used. After the preparation of the specimens that were of the required dimensions, diametrically opposite flat surfaces were introduced on the basis of the requirement of the loading angles. Flat surfaces with lengths of 8.68 mm and 12.94 mm were introduced to the specimen for the 20° and 30° loading angle, respectively. A total of 42 samples were tested for the observation of the experimental detail. During the preparation of the FBD specimens, it was ensured that the geometrical configurations were accurate in order to avoid any irregularities that may affect the results of the test. Fig. 2a represents the schematic diagram of the FBD specimen. Fig. 3 represents some of the specimens that had the required loading angles (a, b, c) and some experimentally failed specimens that had centrally initiated cracks (d, e). In the case of the FBD, when 2 > 19.5°, the crack initiation can be expected from the centre, followed by its extension along the loading diameter of the disc specimen. The point 'A' in Fig. 2b represents the point from which the crack initiates and starts to propagate; at the same time, will be zero, which gradually increases and reaches its maximum value ( max ) at point 'B'. After point 'B', it monotonically decreases until final breakage of the specimen. In region 'AB', it undergoes unstable crack growth, because in this stage the crack will propagate even if the load is held constant and increases with the relative increase of the crack length. After reaching point 'B', decreases with an increase in the non-dimensional crack length. In region 'BC', it undergoes stable crack propagation, because the crack will stop propagating if the load is not increased. The transit point between the unstable crack propagation and the stable crack propagation at point 'B' corresponds to the local minimum load immediately succeeding the peak load in the load-displacement graph [10, 11] . With the knowledge of the current load and the crack length at any point during the crack propagation, the fracture toughness of brittle material such as a rock can be estimated. Point 'B' is considered to be the critical point because of the convenience it renders in the measurement of the critical load, which is the local minimum load that occurs soon after the peak load. The unstable crack growth is followed by its arrest at the critical point, after which the subsequent crack growth is stable. That is why this critical point is considered for the measurement of mode I fracture toughness of rock-like materials.
Nomenclature

FBD
The mode I fracture toughness of the rock, which is identified by the FBD method, can be evaluated by the following formula:
Similarly, the tensile strength of the rock, which is identified by the FBD method, can be estimated by the expression: Table 2 represents the experimentally found peak load before failure and the local minimum load with different strain rates, which shows that with an increase of the strain rates from the static to quasi-static level, the maximum applied load that is required for the failure of the rock, and the local minimum load gradually increase. The fracture toughness of any material is directly proportional to the applied load. As with increasing strain rates, the strength of the material increases, which in turn increases the fracture toughness of the material because both are directly proportional to each other (Fig. 4a) .
Results and Discussion
Under a low strain rate, intergranular (IG) fracturing played the dominant role in forming the fracture surface of a specimen. Under such conditions of loading, the fracture surfaces were rougher, when compared to that of the specimens that failed at high strain rates. This is because of the dominance of intergranular fractures, which get enough time to allow propagation along the grain boundaries, resulting in a rough fracture surface. With an increase in the strain rate, the transgranular fractures become dominant; as a result, the fracture path becomes straighter and possesses a less rough surface when compared to that at low strain rates. Under the static compression test, the strain rate is slow; as a result, the plastic strain gets enough time to develop completely before the next incremental load is applied. In such cases, the stress field near the crack tip has sufficient time for its redistribution to other parts of the grains; as a result, there may be more damage along the weaker parts near the crack tip, that is, along the grain boundary [23] . The overall resultant dominant mode of fracture is, therefore, intergranular. At higher strain rates, the loading is fast, and the plastic strain component may not get enough time to develop fully until the next incremental load is applied. In such cases, the stress does not get enough time for its redistribution and does not spread far away from the crack tip. This causes the material near to the crack tip to fail suddenly, giving rise to the less rough or straight fracture surfaces of transgranular fractures. Consequently, it appears that the material has stiffened because of the incomplete development of the plastic strain due to insufficient time. With increasing strain rates, the fracture mechanism in the rocks changes from intergranular to transgranular, which leads to more fragmentation of rock in the case of high strain rates. In between the intergranular and the transgranular fractures, the transgranular fractures are quite difficult to form because they require a higher input of energy. During compression, certain locations of the rock materials may be subjected to tension, which gives rise to the nucleation and growth of microcracks. With increasing strain rate, the applied stress gradually increases, which is responsible for the activation of a greater number of microcracks. The number of activated microcracks is directly proportional to the applied stress. Therefore, at low strain rates, few relatively large microcracks are activated, which leads to a few large broken pieces of the specimen, whereas at a high strain rate, more and relatively smaller microcracks are activated, resulting in smaller broken pieces of the specimen. Also, at high strain rates, the crack is forced to pass through the grains, in this case, quartz, resulting in a higher fracture toughness value. In both the cases, that is, 20° and 30°, the fracture toughness increases with increasing strain rates. In the static strain rates, the mode I fracture toughness of the rock, which is measured through the semicircular bending (SCB) specimen is 0.72 MPa m 1/2 [20] . When the fracture toughness is measured through both the SCB and FBD tests, it can be inferred that the fracture toughness that is measured at the 30° loading angle in the FBD test is quite comparable to the SCB method; whereas, the fracture toughness that is measured at the 20° loading angle overestimates the fracture toughness of the rock, which may be due to the low amount of area that is involved in the case of the 20° loading angle. In the case of the 20° loading angle, the distance from the centre to the surface of the loading (H in Fig. 2a ) is higher when compared to the 30° loading angle. This causes a relatively higher fracture toughness, which is a result of the reduction in the process zone size that is relative to the specimen dimensions and the greater distance to the load application area. The crack is forced to follow the targeted path towards the applied compressional principal stress path [15] . Therefore, in the estimation of the fracture toughness of a rock using FBD specimens, the 30° loading angle is preferable. The tensile strengths yielded by the Brazilian disc test and the FBD test were compared (Fig. 4b) . The tensile strengths in the case of the FBD were calculated according to the formula proposed by Wang et al. [10, 11] ; Wang and Cao [16, 17] ; and Lin et al. [13, 14] . From the comparison, it can be well established that Brazilian test always overestimates the tensile strengths when compared to those measured using the FBD test. Earlier, similar findings have been reported by Li and Wang [8] ; and Perras and Diederichs [9] . Therefore, it can be concluded that the FBD test is more reliable in comparison to the Brazilian disc specimen in the determination of the tensile strength of rocks.
Conclusions
Based on the experimental analysis it can thus be concluded that the 20° loading angle overestimates the fracture toughness of the rock when compared to the 30° loading angle. With increasing strain rates, both the peak load and the fracture toughness increase gradually. With increasing strain rates, the probability of achieving a centrally initiated fracture reduces. As a result of this, at higher strain rates, for better accuracy in the measurement of geomechanical properties, a greater number of tests is required to validate the centrally initiated cracks. Studies performed using Brazilian disc test often overestimate the tensile strength. Therefore, the FBD can serve as a better alternative.
